Selective protein synthesis in oocytes, eggs and early embryos of many organisms drives several critical aspects of early development, including meiotic maturation and entry into mitosis, establishment of embryonic axes and cell fate determination. mRNA-binding proteins which (usually) recognize 3 -UTR (untranslated region) elements in target mRNAs influence the recruitment of the small ribosomal subunit to the 5 cap. Probably the best studied such protein is CPEB (cytoplasmic polyadenylation element-binding protein), which represses translation in the oocyte in a cap-dependent manner, and activates translation in the meiotically maturing egg, via cytoplasmic polyadenylation. Co-immunoprecipitation and gel-filtration assays revealed that CPEB in Xenopus oocytes is in a very large RNP (ribonucleoprotein) complex and interacts with other RNA-binding proteins including Xp54 RNA helicase, Pat1, RAP55 (RNA-associated protein 55) and FRGY2 (frog germ cell-specific Y-box protein 2), as well as the eIF4E (eukaryotic initiation factor 4E)-binding protein 4E-T (eIF4E-transporter) and an ovary-specific eIF4E1b, which binds the cap weakly. Functional tests which implicate 4E-T and eIF4E1b in translational repression in oocytes led us to propose a model for the specific inhibition of translation of a target mRNA by a weak cap-binding protein. The components of the CPEB RNP complex are common to P-bodies (processing bodies), neuronal granules and germinal granules, suggesting that a highly conserved 'masking' complex operates in early development, neurons and somatic cells.
by altering interactions between the cap, eIF4E and eIF4G and/or between eIF4G and PABP ( Figure 1 ).
The eIF4E family of cap-binding proteins, and regulation by 4E-BPs (eIF4E-binding proteins)
Disruption of the eIF4E-eIF4G interaction is well characterized as a means of enabling the cell to respond to environmental changes. Treatment of cells with certain growth factors results in an up-regulation of cap-dependent translation achieved by phosphorylation of a family of eIF4E-binding proteins known as 4E-BPs. Non-phosphorylated 4E-BPs repress translation initiation as they compete with eIF4G for eIF4E via a shared consensus eIF4E-binding motif, YXXXXL , where X is variable and is any hydrophobic residue [1, 2] .
The identification of multiple eIF4E proteins in vertebrates, Drosophila [3] , Caenorhabditis elegans [4] , Leishmania [5, 6] and Schizosaccharomyces pombe [7] challenges this simple summary. Some of this variation appears to reflect the use of modified cap structures in nematodes and protozoa [6, 8] . In addition, the seven Drosophila, the two S. pombe and the four to six vertebrate eIF4E proteins vary in their affinities for the m 7 G cap, eIF4G or 4E-BPs [3, 7, 9, 10] . The vertebrate cap-binding proteins have been classified into three classes: class I eIF4E proteins correspond to the canonical eIF4E (eIF4E1a) and a close homologue, eIF4E1b; class II proteins have been characterized as 4E-HP (eIF4E-homologous); and the class III eIF4E The repression of CPE mRNAs in Xenopus oocytes by the eIF4E1b-4E-T-CPEB complex may rely upon the combination of conserved P-body components, including Xp54 and 4E-T, alongside a weak cap-binding eIF4E protein, which can act as a co-repressor when tethered to the 3 -UTR. Weakly − + ? [10, 48] 3 W e a k l y+ − ? [10] has yet to be investigated in greater detail (Table 1) . Newly characterized 4E-BPs, such as 4E-T (eIF4E-transporter) [11] and Bicoid [12] , add further complexity to the eIF4E-eIF4G control mechanism of translation initiation.
CPEB (cytoplasmic polyadenylation element-binding protein), a critical regulator of translation in early development
Translational control drives several critical aspects of early development from meiotic maturation to early embryogenesis, when transcription is shut down. A hallmark of such mechanisms is the role of mRNA-binding proteins which (usually) recognize specific 3 -UTR (untranslated region) elements and influence the recruitment of the small ribosomal subunit to the 5 cap (reviewed in [13] [14] [15] [16] ). Probably the best studied mRNA-binding protein is CPEB1, characterized in fruitflies, nematode worms, clams, Aplysia, Xenopus and mammals. In its conserved C-terminus, CPEB1 contains two tandem RNA-recognition motifs followed by a zinc-finger domain, which together are responsible for binding 3 -UTR CPEs (cytoplasmic polyadenylation elements), with the consensus U 4−6 A 1−3 U (reviewed in [13, 15, 17] ). The related vertebrate proteins, CPEB2-CPEB4, are expressed in neurons, have different RNA-binding preferences and are of unknown function [18] [19] [20] . CPEB1, or CPEB hereafter, which binds maternal mRNAs such as c-mos and cyclin mRNAs, performs a dual regulatory role: it represses cap-dependent translation in the oocyte and activates translation, via cytoplasmic polyadenylation, in meiotically maturing eggs. Activated maternal mRNAs contain one or more CPEs near to the nuclear polyadenylation hexanucleotide, AAUAAA, whereas mRNAs lacking CPEs are deadenylated upon meiotic maturation and concomitantly exit from polysomes. CPE and hexanucleotide elements mediate polyadenylation by a complex including CPEB and the cytoplasmic poly(A) polymerase, GLD-2, and CPSF (cleavage and polyadenylation specificity factor). Extension of the poly(A) tails of regulated mRNAs is thought to provide additional PABP-binding sites, leading to stabilization of eIF4G-PABP interactions [13] [14] [15] [20] [21] [22] [23] [24] [25] . The importance of regulating the length of a poly(A) tail to dictate the translation efficiency of an mRNA has been elegantly demonstrated recently in Xenopus eggs, whose meiotic progression is driven by a translation circuit defined by sequential waves of polyadenylation and deadenylation [26] [27] [28] .
When CPEB functions as a repressor in oocytes, it has been reported to interact with maskin (an eIF4E-binding protein), an interaction which precludes the productive binding of eIF4E to eIF4G [29] , which is restored in eggs as maskin undergoes phosphorylation and releases eIF4E [29] . This paradigm example of a repressed 'closed loop' form of mRNA may, however, be confined to late-stage Xenopus laevis oocytes as maskin is absent early in oogenesis, and its non-consensus weak eIF4E-binding site (TEADFLL) is not present in other vertebrate maskin [TACC3 (transforming, acidic coiled-coil containing protein 3)] proteins [14, [29] [30] [31] [32] . It has also been reported that CPE-containing mRNAs are silenced in oocytes by the action of CPEB-bound PARN [poly(A)-specific ribonuclease] [33] , characterized previously as the default deadenylase which removes poly(A) tails and translationally represses non-CPE-containing mRNAs during meiotic maturation [34] . Whether translational silencing by maskin and by PARN are alternative or back-up strategies is not known. However, PARN is not expressed until late in oogenesis either [32, 35] , and appears to be largely nuclear in oocytes as well as in mammalian cells [32] [33] [34] 36] . We hypothesized therefore that an additional translation repression mechanism exists in early Xenopus oocytes and summarize our identification of the alternative CPEB RNP (ribonucleoprotein) complex, and its resemblance to P-bodies (processing bodies), and maternal and neuronal granules below.
CPEB RNP characterization
Our principal focus in recent years has been to define how CPEB represses translation by identifying, and characterizing the function of, CPEB protein partners. Initially, we showed that in Xenopus oocytes CPEB interacts with the Xp54 RNA helicase, and that Xp54 tethered to the 3 -UTR of luciferase mRNA represses its translation [37, 38] . Recently, we reported an extended analysis of proteins that interact with Xenopus CPEB, using co-immunoprecipitation and gelfiltration assays [32] . In early oocytes (stage I/II occytes; approximately equivalent to 10-20 μm primordial follicles in mammals), CPEB is an integral component of a very large RNP complex and interacts, via protein-protein interactions, with Xp54, the RNA-binding proteins Pat1, RAP55 (RNAassociated protein 55) and ePAB [embryonic poly(A)-binding protein], 4E-T and an eIF4E paralogue ( [32] and N. Minshall, unpublished work). No significant interactions were detected with the canonical class I cap-binding factor, eIF4E, or with eIF4G. mRNA was present in this complex, as shown by the sensitivity of some components to nuclease treatment before immunoprecipitation or gel filtration. For example, the RNA-binding proteins FRGY2 (frog germ cell-specific Y-box protein 2), Vg1RBP (Vg1 RNA-binding protein) and Staufen displayed RNA-dependent interactions with CPEB ( [32] and N. Minshall, unpublished work). Moreover, RT (reverse transcription)-PCR assays of the CPEB immunoprecipitates showed an enrichment of CPE-containing cyclin B1 mRNA, but not of the control actin mRNA [32] .
The only eIF4E-binding protein in this complex was 4E-T, originally characterized in HeLa cells as a shuttling protein capable of importing the cap-binding protein into the nucleus [11] . More recent studies demonstrated that, when overexpressed, 4E-T represses cap-dependent reporter mRNA translation [39, 40] , and is required for P-body formation [39, 41] .
The eIF4E protein in the CPEB RNP was identified as eIF4E1b, a close homologue of the canonical class I eIF4E (70% identical), using cap-Sepharose chromatography, MS sequencing and an eIF4E1b-specific antibody.
eIF4E1b expression is confined to oocytes, eggs and early embryos in Xenopus, zebrafish and mice, as assessed in lysates by Western blotting, RT-PCR analysis and EST (expressed sequence tag) cDNA expression [32, 42, 43] . Database searches show the conservation of this paralogue in primates, dogs, cows and chickens, but no obvious invertebrate counterpart could be identified on the basis of sequence. Somewhat surprisingly, although eIF4E1b possesses all the residues required for cap-binding, and homology modelling suggests it adopts the same cap-binding fold as the canonical eIF4E, it binds m 7 GTP weakly [32, 42] . eIF4E1b interacts with 4E-T, rather than eIF4G or maskin, in a manner independent of the consensus YSKEELL eIF4E-binding site, presumably at a separate site to eIF4E. 4E-T tethered to the 3 -UTR of luciferase mRNA represses translation, even when YSKEELL is mutated, and eIF4E1b remains bound. Furthermore, injection of anti-eIF4E1b antibodies accelerated meiotic maturation progression [32] .
Together, our data suggest that CPEB inhibits protein synthesis in oocytes using a novel pairing of 4E-T and eIF4E1b [32] .
In Drosophila oocytes, the paralogue of 4E-T, Cup, binds eIF4E and mediates translational repression by the 3 -UTR-binding protein Bruno to regulate posterior patterning [44] [45] [46] (Figure 1) . Also in Drosophila, 4E-HP, a class II eIF4E, represses caudal and hunchback mRNAs, which establish opposing morphogen gradients in embryos, by binding the cap and Bicoid or Nanos/Pumilio/Brat respectively, which interact with the mRNAs directly via 3 -UTR cis-elements [12, 47] (Figure 1 ). Subsequent studies of human 4E-HP have shown that it binds the m 7 GpppG cap 30-fold less well than eIF4E [48] . A similar scenario may underlie the repression of CPE mRNAs in Xenopus oocytes by the eIF4E1b-4E-T-CPEB complex. According to this model, weak cap binding by 3 -UTR-tethered proteins would be sufficient for specific inhibition of translation of target mRNAs and could, in principle, be readily reversed by altering 3 -UTR RNP dynamics (Figure 1 ).
Where we have tested them, interactions between CPEB and the complex components we describe above in early oocytes continue to be detected in late oocytes, and we do not observe significant binding of maskin, PARN or 4E-BP1, all expressed late in oogenesis, with CPEB. On this basis, it seems unlikely to us that there is a distinct switch in CPEB complexes during oogenesis, for example, from one containing 4E-T and eIF4E1b to one containing maskin and eIF4E, but this scenario cannot be excluded. Other investigators report additional CPEB complexes in oocytes [20,49,49a] , and one area of future research will be to systematically examine multiple repression complexes and determine their function. Regarding the fate of the CPEB complex in meiotically maturing eggs, when translation of CPE-containing mRNAs is activated, several profound changes occur. These include phosphorylation of CPEB and 4E-T, the degradation of Pat1 and CPEB around the time of germinal vesicle breakdown, and the switch in Xp54-eIF4E1b interactions from being RNA-independent in the oocyte to being RNA-dependent in eggs [32, 38] .
CPEB RNP, P-bodies and other granules
The RNA-binding proteins in the maternal CPEB complex are highly conserved and, in somatic cells, are predominantly found in P-bodies, distinct cytoplasmic foci that are sites of reversible mRNA repression, including that mediated by microRNAs, and of RNA decay (for reviews on P-bodies, including an extensive description of all components to date, and the equivalent names of P-body factors in invertebrates, where they exist, see [50, 51] ). P-bodies, in addition to mRNAs and microRNAs, contain several classes of protein: (i) RNA nucleases such as decapping enzymes and the 5 -3 exonuclease Xrn1; (ii) factors that enhance decapping (some of which have also been shown to act as translational repressors) and this class includes p54, Pat1, Lsm1-7 and Edc3; (iii) RNA-binding proteins implicated in ARE (AU-rich element)-mediated RNA decay and NMD (nonsense-mediated RNA decay), including TTP (tristetraprolin) and Upf1; (iv) proteins involved in microRNAmediated silencing such as Argonautes and GW182; (v) other RNA-binding proteins such as CPEB, RAP55 and Y-boxproteins; and (vi) eIF4E and 4E-T, the only eIF4E-binding protein detected in P-bodies, but no other initiation factors or ribosomal proteins. The complete composition remains to be determined, reflecting the technical difficulties of P-body purification. Owing to a lack of currently available crossreacting antibodies, we do not know whether the CPEB complex contains RNA degradation enzymes and factors, such as those typically found in P-bodies. In this regard, it is interesting to note that, in oocytes, eggs and early embryos, unlike somatic cells, mRNAs with a very short poly(A) tail and completely deadenylated mRNAs are stable, in part, at least, reflecting the absence of decapping [52, 53] . Recent studies indicate that formation of microscopically visible P-bodies is a consequence, not the cause, of gene silencing, implying that mRNAs may be repressed initially by simple association with the factors in the absence of aggregation, a state which may stabilize the complex [54, 55] . Unfortunately for microscopists, the hunt is on for invisible mini-P-bodies! Some P-body factors (e.g. p54, CPEB, eIF4E) can also be detected in granules induced by stress in mammalian cells which contain stalled translation initiation complexes and distinct RNA-binding proteins such as TIAR (T-cellrestricted intracellular antigen-1-related protein) and G3BP [GAP (GTPase-activating protein) SH3 (Src homology 3)-binding protein] [56] ; a dynamic relationship between stress granules and P-bodies has been reported and remains to be elucidated in detail [57, 58] . In yeast and also trypanosomes, granules containing mRNA accumulate in response to heat shock or carbon source deprivation; these may be a mixed population of granules, and appear to contain markers of both P-bodies and stress granules [59] [60] [61] [62] [63] .
Finally, it is striking that CPEB, p54 helicase, Pat1, RAP55 and 4E-T cognates are also present in germinal and neuronal RNP granules in fruitflies and nematode worms, with proposed roles including germ-cell specification and RNA localization [44, 46, 64, 65] . Primordial germ cells in many organisms are specified by a dense collection of cytoplasmic granules, which are rich in both maternal mRNAs as well as RNA-binding proteins. For example, in C. elegans, CGH-1 (conserved germline helicase 1) (p54) and CAR-1 (cytokinesis, apoptosis, RNA-related 1) (RAP55) are found in the so-called germinal P-granules, as well as in distinct cytoplasmic foci which appear to correspond to P-bodies, as they contain DCAP-1 (decapping enzyme 1) (Dcp1) [66, 67] . Moreover, IFE-1 (initiation factor 4E 1), one of the five eIF4E proteins is also enriched in P-granules [68] . In vertebrates, p54 and RAP55 localize to the equivalent Balbiani body in early oocytes [69, 70] . Taken together, the CPEB complex in oocytes may represent a core conserved translational repressor complex. The challenge in future research will be to determine the component interactions in detail, and identify their role in repression.
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